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— - Coe ADVANCE. CONFIDENTIAL REPORT

PARAMETERS DETERMINING PERFORMANCE OF SUPERSONIC
PILOTLESS ATRPLANES POWERED BY
RAM~COMPRESSION POWER PLANTS

"By Paul R. H111 '

. SUMMARY

The dimensional parameters of ram-compression power
plants are -related in this analysls to thelr thrust and
economy performance, and the speed and range performance
possibllitiss of a famlly of pllotleas alrplanes powered
with such a power plant are investigated.

The performance calculations were made for a power
plant in which the alr enters the nose at stream veleclty,
a normal shoek occurs inside the nose, the subsonlc flow
expands through an expanding diffuser to the veloclty at
the entrance of the combustion chamber, fuel 1s added
and burning takes place in a constant-area.tube, and the
alr expands to supersonlic velocity thraugh a contracting
and expanding nogZzle to stream pressure. A specific
fuel consumption of 0.)6 pound per thrust-horsepowser-
hour and a thrust of 3750 pounds per square foot of
combustion-chamher ares appears possible-at -sea level at
a fuel-elr ratio of 9.0%35.

In the study of 'pllotless-giirplane- performance, &
body with a conlcal nose and a cylindrical -afterbody was
mounted on circular-arg-section wings that had a thigkneas
ratlio of 5 percent in the stream direction. All the
1ift was-consldered to be carrlied on the wings. The
Jif't. .and drag were--calculated by the Ackeret theory for
-two~dlmensional flow at supersonic speeds. Perform-
ance was galculated for wide renges‘of the_basic para-
meters. of. power-plant slze, gross weight, and wing-area.
.A range of 1200 mlles -appears*passibla and speeds up to
3000.miles per hour (Mach number of L) werea.caloulated..
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The calculated motor characterlstics of subsonic
ram-compression engines, the constants used in the
-computations, and the equations used in computing per-
formance are given 1n appendlxes. An example showlng
the method of computing thrust 1s included.

INTRODUCTION

Jet-propulsion systems using atmospheric alr for
combustion are the ram-compression engine of the
intermittent~-flow type and the Jet-propulslon unit
employing a blower, both of which have proved useful
at subsonlc veloclties. Beth these systems have maxle
mum pressures greater than ram cewpression. As flight
speed 1s increased, more v»ressure ls availsble from ram
compression and less rellance needs to be placed on
auxillary devices for obtaining high »ressures. At
supersonlc velocitles the continuous-Ilow ram-compression
unlt has a compresslon high enqugh for good efficiency
and has & large mass flow of air per unit frontal arsa,
which gives hilgh powser output.

In the nresent paper performance comnutations are
made covering the spsed range from aMach number of 1.5 to one
of [;.0. (Calculeted engine characteristics of subsonic
ram-compression englines sre given in avnendix A.) The .
ram-jet englne nerformence 1s treated as an asrodynamic
and thermodynemic problem and the nerformence of the _
engines 1s given &8s a function of the areas, velocities,
end temperstures involved in the design of such a unit.
The englne performsnce 1s vresented as the thrusat ner
unit conbustlon-chamber ereas -

The alrplenes upon which the comoutations sre
carried out counsist of: (1) a fuselsge housing the
engine- unit with a frontel erea 2qual to the frontal
area of the engine; (2) wings of circulsr-arc and
dlamond-wedge types, 5 percent or less In thickness
retlio end with areaes varying with the ‘wing loading;
(3) tall surfaces of the same types as the wing. The
externel 1lift and drag of the wing, body, eand taill
surfaces are based on the theoretical work of Ackeret
and Busemann (references 1 to %), which has experimental
verificetion and 1s sufficiently accuraete for high
fineness ratios. Speed and range performances- are
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computed for wide ranges of the haesic parameters of
welght, power<pleant area, wing area, and altitude. y

There are numerous major problems te be encountered
in the successful design and operatlion of a ram-jet
powered airplsne thst are beyond the scope of this paper,
Among these problems are take-off or.leunching, landing,
structursel design, stabllity, oontrol, burner deaign,
and ceoling. These problems will taie conaiderable time
and 1ngenu1ty to surount.

ANALYSIS OF SUPERSOWIC RAM-GOMPRESSION POWER PLANTS

: -The following analysis 13 devoted to a description
" of the power-plant conflgurations, a descriptlion of the
power-plant cycle, and an analysis of the mower snd
economy verformance,

fower-Plunt configuration

The power plant is -a duct consisting of an entrance
or compression region, & combustion chamber, and an
exnaust nozzle. Schematlic drawings showlng trie chn- .
figurations of the ducts upon which the calculations of
this paper are besed are shown in figure 1. 'The leading
edge 1s a sharp ring formed by the intersection of the
cﬁnigal external surface with the internal surface of
the duct.

Computaktlions are presented for three configurations
of the compression reglon of the ducta. 1In figure l(a)
the cempression region consists of a gradually expanding
cone, er diffuser, which begins at the leadlng edge and
extends to the combustlion chamber. In flgure 1l(b) the .
compression region begins es a circuler eylinder, or
pipe, Behlind the pipe follwws.the expanding cone leading
te the combustion chamber. The purpose of introducing
the pipe 18 to form a cargo space between the inner and
outer shells shead ef the cembustion chamber. In
figure 1l(c) the coumpression region begins as a short .
"camtracting cone glving a small reduction in duct aresa,
The contracting part is followed by en expanding cone
extending to-the combustion chamber. The purpose of
adding the contrecting cone, or supersonlc diffuser, 1s
teo decrease the stream veleoeclity before the occurrence
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of normal shock. Test data For this.type of entrance
for the part of the duct:- from station 1 to station L
were obtained from reference l.

The combustlon chember is simply a clrcular cylin-
der. Fuel is edded at the beginning of ‘the combustion
chamber. The cross-sectional area of the combustion
chember is used herein as ‘a reference area. |

The exhaust nozzle, of the Laval type, consists of
e contracting section to speed up the gases to the
local veloclty of sound at the throat and an expanding
section for obtaining supérsonic gas speeds.

Aerodynamic and Thermodynamic Cycle.

The cycle of the supersonic ram-jet motor operating
at design conditions is described: for the entrance-
region configuration of figure 1l(b), which 1s & more
general cese than the configuration of figure 1l(a). The
cycle is 1llustrated by a diagram showlng the variation
of pressure, veloclty, end tempersture (fig. 2(a)) and
a nressure-volume diegrem (fig, 2(b)). The alr enters
the duct at free-stresm velocity. Immediately inside
the duct a normal shock weve reduces the velocity.to a
subsonic value end creates a sudden rise in pressure.
This compression is shown in filgure 2(a) as a vertical
line at-station 2 and in figure 2(b) a&s a line con-
nectling stations 1 and 2. After the shock weve the air
flows through the cylindricsal part of the duct at sub-
sonic velocity and a friction pressure drop from
stations 2 tc % results. .& further compression is then
sbtalned by a reduction 1in ‘air velocity through (the
diffuser cone, stations 2% to L. ..

Station I} 18 st the entrence to the combustion
chamber. .Here the veloclity 1s at its minimun value and
the pressure at 1ts mexim At this point the fuel,
is edded, As the burning progresses, en expansion takes
place together with a proportionate smeeding up of the
gases because the cross-sectional ep of the combustion
chamber 1s constant. The acceleration of the gases. gnd
the frictlon losses produce a drop 1in pressure from,
stations I} to 5, as-shown in figure 2(b).  Part of the
dlagrams where the :curves are not clearly defined are
dashed. .
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The exhaust nozzle, stations 5 to 7, accelerates
the geses from subsonlc to supersonic veloclty as 1t
expands the gases from the oressure et the end of come
bustlon to atmospheric pressure at the end of thé nozzlé. -

Constants Used in Power-Plant computations

The constants used in the power—plant anelysis are
disted below. A complete list of the conditions assumed
‘for the analysis 1s given in appendix B, and the symbols
are defined in appendix C.

(1) The friction factor is O. 0030 in the- entrance
plpe. This value can be obtained only in a smooth,
polished pilpe. . . .

(2) The subsonic diffuser has en efficiency of
90 percent.

(3) The lawer Leasting velue of fuel 1s 19 000
British thermel units per pqund.

(4) Incomplete combustion and heat transfer through
the combustion~-chamber walls ere accounted for by a
combustion efficlency factor shown in figure 1lb.

(5) The ratio of specific heats varies with temper-
‘ature and fuel-air ratio (figs. 15(a) and 15(b)).

(6) The friction pressure loss in the combustion
chamber 1s 10 percent of the average dynemic pressure.

(7) The exhaust-gaa velececlty et the nozzle exit is
97 percent of the value for isentropic expansion te the
pressure at the nozzle exlt.

" Pawer-Plant Performsnce

Flgures %(a) te 3(d) gilve power-plant data for ram-
Jet units with a cylindricel-pipe entrence. The pipe
has sufficlient length to make the over-all length-
diameter ratio of the alrplane fuselage 10. Figures 3(e)
and 3(f) sre for ram-~jet units with supersonic-diffuser .
entrances. The stream Mach number 1,673 was chosen
because experlmental data are avallable for thls value,.
Figure 3 1is for & cuel-alr ratio of 0.0%3 and an altlituvrs
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of 35,500 feet. .This altitude was"chosén becsuse 1t is’
in the, lower edge of the stratosphere, or constant-
temperature region. Flgure % shows the thrust per - -
squere foot of combustion-chamber areaw'F/Ah, meximum

‘temperature occurring in the cycle t5, and the ratile

of three imnortent srees to the combustion-charber:
areas entrence area AZ/AH’ nozzle-throat srea A6/Ah»

and nozzle-exit erea. A7/hh all expressed e3 functions
of the veloclty at entrance to the combustion chamber W+

The combustion-chamber entrence velocity is a sig-
nificant paremeter because, for any given.flight Mech
number and compression efficiency, this velocity
determines the mass flow per unit coribustion-chamber area
end the compression ratlo and influences the fricticnal
losses. Both power and economy ere therefore affected
by the combustion-chember velocity. The ratio of nose-
entrance area to combustion-chamber area determines, for
given initial streasm condition and compression efficiency,
the velccity at entrance to the combustien cheamber. The
lower 1limit ef the ocombustion-chamber velocity 1s zere,
which corresponds te¢ a nose area of zerc. .An upner
1imit 4s the value that produces the speed of Sound at
the combustion-chamber exit and chokes the flow.

Inasmuch as the thrust per square feot ¢f combustipn-
chamber area 1s given,the thrust of any size unit may be
obtained by multiplylng the thrust per unit area by the
combustion-chember area. Alsc, if such small effects as
the chenge in friction factor with a change in Reynolds
number are neglected and all independent oarameters
excent .density are held constant, the thrust obtainable
at a given atmospheric temperesture is proportional to
atmospheric density. Since stenderd atmospheric temper-
sture 1s constant above the altitude for which the
cherts are constructed, 35,500 feet, the power at any
higher altitude can be obtained by multivlying the power
es reed from flgure .3 by the relstive-density ratlo,
Likewlse, the arees glven are also velid for standard
conditions at any hlgher aeltitude.

¥hen A7 1s larger than Aﬁ' -AT becomes the

effective dreg area. 1In order to locate the- maximum
thrust per unit effective drag area for complete
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expansion nozzles, a curve of 'F717 1s ‘introduced for
the range where A7 1s larger than - The negative
slope of this curve shows that the complete expansion
nozzle gilves a reduction in thrust-drag ratlio in this
range. 4 vertical line is drawn on figure 3(a) at the
value of v), making A7/hh equal to unity. Schematic

g;awings on flgure 3 111ustrate the proportions of the
cts.

Stream Mach mmber has d marked effect on maximum
flame temperature; tg is-increased from 1990° F to

5122 F by an inorease in.stream Mach number from 1,5 .
0 (figs. 3(a) and 3(d)). Also, figure 3 shows that
at the lower Mach numbers the combustion-chamber

velocity has an appreclable effect on temperature, For

-example, at a Mach number of 1.5, the temperature drops

150°  for an increase in v%r of 40 feet per second.

At a Mach number of .0 the drop is only 6° F for an
equal change in V), - -

. Figure 3(g) gives a comparison of the design thrust
at a fuel-elr ratio of 2.035 of the ram«comprression engines
treated herein with the static thrust per square foot of
frontal area of a turbocouwpressor Jet-propulsion unit in
current use, designed for high thrust output. The
thrust of the turbojet unit is seen to be between the
thruasts of subsonic and supersonic ram:campreasion units,

Figure 3(h) shows the temperature and pressure of
the alr at the entrance to the combustlon chsmber. The
purpose of this figure is to glve information pertinent
to the ignition problem. For a stressm Mach number
of 11.0, the temperature of the air is above the ignition
temperature for many fuels at the pressure obtalned.
The figure 1s made for pipe entrances for an over-all
length-diameter ratio of 10 and a veloclity at entrance
to combustion’' chamber of 250 feet per second. 4 change
in the length-dlameter ratlo or entrance veloclty has a
negligible effect on i1gnition qualities. Stream Mach
number and altitude have a significant effect.

In figure lj(a) are shown cross plots of the basic
thrusts obtained in figure 3 as functions of stream Mach
number. In addition, the thrust wlth entrance pipes for
an over-all length-dlameter ratio of 15 and the thrust
for the case in which the pipe length 1is zero are also -




8 : : NACA ACR No. L6D17

shown. The thrust incresases ranidly to .2 Mach, number --
of .3. At a Mach number of L the thrust begins to .
decrease because of the decréased efficiency of preSSure
recovery across the shoek wave., .

The euperson*c-difrueer entrance gives the greateet
thrusts and the longeat pipes the lowest thrusts,
although there is not & great difference.. The object of.
changing the vroportions (over-all length-diemeter
ratio) is to lnvestigate ceses with different amounts of
cargo space forward of the combustion chamber. The fuel
caepacity of the wing tanks of ajrplanes traveling at )
supersonic speeds 18 necessarily smell bscsuse of the low
thickness ratios of the wings. (Wing volumes sare treeted
in sppendix B.)" .

Values of specific fuel consurption for the same
power plants are: elso shown in.figure Li(a). Units of-
pounds per horsepcwer-hour are used because of the
famlliarity of this unit for the conventional engine. .
When the ‘cooling and vropsller losses-of the con-
ventional engine are considered, the economy shown at a
¥ach number of 1.5 equals that of a conventional~engine
propeller system at design speed and military power, at
e Mach number of 2 equals the economy nf the engine pro--
peller systems in crulsing, and at a Kach number of 3. -

r-li is better than that of the most efficient engine.
propeller system.

Figure l(b) shows the thrust and economy of power
plants designed to operate..at sea level with a “uel-cir
retio of ;.ug The Feslsns ave entirance plnes for a
length-diametéer ratio of I0. Favorable thrust and
economy sre shown. For exsmple, at a Mach number of 2.0
the camputed thrust 1s 3000 nounds per square foot. of
combustion~-chamber areas and the specific fuel con-
sumption 1s 0.65 pound per thrust-horsepower-hour. At
a Mach number of 3%,2 the thruyst 1s 3750 peunds per

uare fcot end the specific fuel consumption 1s
0. pound per thrust-horsepower-hour.

Operation of a Power Unit with Fixed Areas

at Various Flight Speeds

The power-plant operatlion so far consldered hes
been at a design operating speed. Some fectors affecting
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the operation ‘of a given unit at other thesn design speed
‘will be considered. TFor a systém of fixed dimensions the
mass flow of air entering the duct at stream.veloclty is
proportional to the forward spee& .The conditlen .that- .
the oroduct of the density end speed of the gases at the
throet of the nozzle Is proportional to the forwerd -
speed must therefore be met. Because of the increased
compressionof the air at operating aveeds above design
speed, the throat 1s more than large enough for, oper-
etion at design fuel«air ratlc with the shock wave at

the entrance. Pressure and temperature comblnations
giving the required condltiong at the nozzle, throet are
obtained by elther a readjuatment-ef the "internal flow
through a movement of the ahock wave or a change in the
ruelvair ratio. ) .

" Movement of shock,wave,— A MOvembnt of the shock
wave In the duct 15 rorced by a change in downstream
pressure whether the duct is an exnanding or a constant-

. diemeter pipe. Experimental verification of these

" phenemena 1s nresented in references ) and 5. In order
to 1llustrate the nature of these phenomene, figure 5(a)
shows the calculated equilibrium conditions between
shock-wave position in s constant-diameter pipe and the
pressure  at the end of the nipe. This computation was
carried out for s friction fector of 0.003, an entrance
Mach number of 2.0, and & pipe length of 25.55 dliameters,
which 1s the chokling length of the pipe for the assumed
conditions. As the nosition of the shock wave msves
downstream, the increased amount of energy lost In
frictlion accounts for the drop 1ln pressure at the end of
the pipe., .Figure 5(b) shows the calculated equilibrium
between pressure et the end of sn expanding pipe and
the vosition of the shock wave. The entrance .Mach number
1s 1.5, the expansion angle measured between the walls

of the pipe is 3,09 1/d; = 13.2, and the friction factor

i1s 0,003. Small movement of.the shock wave In a tapered’
pipe corresponds to considerable pressure regulation. A
larger travel of the shock wave 1s needed in a straight

pipe. In a ram-jet duct with s cylindrical entrance pipe
there 1s nn reason why the- shock wave cannot move throagh'
the piue into the subsonic diffuser.

Figure 6 shows the change in thrust of power plants
wlth increase 1n speed at ce¢nstant fuel-alr ratio for
two tyves of entrance. At the lowest Mach number

CONFIDENTIAL
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shown for each.entrance, the shock wave 13 in the extreme
forward position and moves back with an increase 1in
forward Mach number., - This type of regulation i1s advan-
tageous because 1t 1s purely auvtomati¢c. If the speed

18 decreas®d below that at which the shock wave 1s at
the throat of the supersonic diffuser or the entrance to
the straight pipe, the shock wave moves out 1in front and
the mass flow and power output are reducsed. Another
result of the movement of the nermal shock in front of
the entrance 1s an increase in the external pressgure

drag.

Control by change in fuel~alr ratio.- In order .to
obtaln Increased EE%usE at speeds above design speed or
for flight at reduced speed, control is effected by .
regulation of the fuel-air ratio. Figure 7 shows the
results obtailnable abpve and bheslow design speed by wvary-
ing the fuel-air ratic to keep the ashock wave at the
entrance. : .

The curves are computed for a unit with entrance-+
plpe for 1/d = 10. Entrance and throat area are optimum
for a fusl=-air 'ratio of 0,723% and a Mach nvmber of 2,0,
The required range of fuel-alr ratio is from 2,018 to 0,056
for a range of operating Mach number from 1.5 to 2.5.

The curve of fuel-alr ratlo appllies to all the thrust
curves shown. The thrust cvrves are cdrawn for three
ratios of nozzle-exit area to combustion-chamber area:
0.79, 0.89, and 1.0. 'These areas expand the exhaust
gases to a%mosphbric pressure at stream Mach numbers
of 1.5, 1.75, and 2, respectively. At higher Mach
numbers the pressure at the nozzle exit 1s above atmos-
pheric. The reduced thrust with the smaller nozzle-
oxlt areas at a glven Mach number 1s due to lncomplete
expansion of the combustion gases in the nozzle.

A comparison of the thrust.curves of figures 6(a)
and 7 for a ratlo of exit area to combustion-chamber
area of unity shows that the increase in thrust as the”
speed 1s Increased from a stream Mach number of 2.0 i
to 2.5 1s 12 percent with a constant I<:l-zi» ratio of
0.03% and T7 mercent -1t aghanse in fusl-2ir ratio. The
specific fuel consumption also drops with change 1n fuel-~
air ratio (not shown) from 0.70 to 0.63 pound per
horsepower-hour.

o
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Effect of Changing Design Fuel-Air Ratlo

A decrease in the fuel-air ratio for a given oper-
ational speed and altitude creates hotter exhaust gases
that occupy a larger volume per pound of gas, The .
ratios of nozzle area to entrance area are therefore
increased to accommodate  the insreased volume of flow,
A change in the design fuel-air-ratio for any given
design speed and altitude necessitates a change in the
dimensions of the power plant.

. Figures 8(a) and 8(b) show power-plant character—
istics at sea level for two design values of fuel-alr
ratio, The stream Mach number is 1l.5. The nozzle-exit
areas A7 are.the proper size to expand the exhaust

gases to atmospheric pressure. The design thrust per
square foot of combustion-chamber area at a fuel-alr
ratio of 0,033 is 1950 pounds. If the mixture 18 given
all the fuel that can be burned, fuel-air ratio of 0,067,
E/Ah is 2390 pounds per square foot, The primary
reason wvhy the thrust did not inorease more rapidly is
the reduction in mass flow (v} is reduced from 300 to

230 fps) to make the nozzle—exit area equal to the
combustion—chamber area. At v) = 248 feet per second

the velocity at the exit of the combustion chamber
reaches the speed of sound, or choking takes place.

This vélocity is marked by a vertical line on figure 8(b).
No higher velocity i1s possible at this fusl-air ratio,
Because of the high flame temperatures with a fuel-air

. ratio of 0.067, choking takes place at a lower value of wj

than for leaner mixtures. A nozzle designed for this

‘'condition would have no throat but would merely flare

outward. The thrust per square foot of this power plant
is 2440 pounds. e

A ram- Jet designed for a fuel-sair ratio of 0.033 at
35,300 feet has sentrance and nozzle—throat areas.of
0.343 and 0.908 square foot per square foot of combustion-
chamber area, From a series of figures such as 8(a) and
8(b) it can be determined that for this design to operate
at sea level with the shock wave at the entrance a fuel-—-
air ratio of 0.048 is required. The extra thrust so
derived may be used for acceleration or climb,
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- ATRPLANE P_ERFGRMAHCE"- L
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The purpose ef a perfprmanéeqparameter dtudy - 1s to,
relate the knowledge in the particular field end deter-
mine from the relationships of this :imowledge the influ-
ence of each parsmeter on performance possibilities 'in
the light of existing data. . No experiméntal date exist
on the drag of bodies and winge at supersonic speed
other than for the- simplest shapes. Simple body and
wing shapes, such es the cylinder, the cone end the
wedge, were therefere chosen:ss: the ‘basis of com utation.
The sccuracy of the 1lift snd drag results computed from
equations avellable for these simple shépes is sufficient
for establisl.ing trends. Knowledge in the field of
supersonlc flcw, however, 1s todesy in e state of rapld
growth. As treoretical and .experimental drag date for
more complex shapes hocome available, these shapes may
be shown ‘to be superior to the simple shepes Herein':B -
considefed' ‘therefore .the results.given in the oresent-
peaper tend to be conServative. : . .

» In making a nerformanee-parameter study many .veri-
sbles raust be fixed at mesn or geccented values, in order - .
to investligate ‘the’ maln parametere 1nvolved._ For o’
. example, 8ll external: surfaces are assumed to be.
perfectly. smooth and without -protuberances of sny kind.
If it becomes necesssry to rdd various ‘items that raise
the externel drag above thst of a.smooth body, the
results hereln presented will be unconservative.

The fellewing study of the performence of supersonic
airplanee powered wlth ram-compression engines 1s pre-
sented as..an Cngineering. spproximation ef the possi-
bilitles of such alrplanes. The effects of -weight, wing
area,  frontal area, and altitude on the possible speed
and range performence of twd femllies of airplanes .sre
shown., As experience mekes more.exéact knowledge availa-
ble, these estimates of* nerformance possibilitiea and
trends will have te be resvaludated.’ -

s
’ U

Descriatien of Airplane Uharacteristics
The speed and range performances are computed for
airplenes housing & single power plant 1n a fuselage of
the same diameter es the power plant. Computations are
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carried out for a wide range of sroas welght, power-
plant size, and wing APl -, . ._.: .

Performance is somputed for the basic design con=
dition of the power planta at & Pfysl-air ratio of 0.J33

. The fual-eir ratio is. erbitrerily chosen at a value

+ Dbetweer the lower limit for complete combustlon, D.067s
- and a value- of Q.01&7, which im gommor in turbojet units

beceuse of temperature limitations in the turbine., A
value of 0,053 waa chogen; this value allows g margin for
enrichin% the mixture to obtain excess power far climb
and for flexibility of eparatien. The other essentlal
characteristics ara: )

(1) The riose is conzanl and has a slope of 1/10.
(2) The body 18 cyllindyieal,

(3) The over~a11 1ensth-dilngtar ratio is either
10 er 15.

(L) The wing has & bhickmess rétio of 5 percent
sand a double~circuler-are sectlion sxcent where diasmond-
section airfolls are introduced 56 show the effaect of a
change in section. The sectien thilckness is to be
meesured In & plane parallel to the alr stream. A study
of reference % shows thet the wing-drag equations used
herein (anppendix D) apply with su?fioient acoursacy if
the shock wave is atteched to the Jleedlng edge. Aside
from the restrictions stated, the plen form 1s not

specified. Induced tip losses are assumed to be negli-
gible. If necessary, thls conditlon can be met by
making the angle bhetwsen the tip line and the stream
‘direction greater then the Mach angle (referenca 3).
All 11ft is assumed to be carried ‘on the wing.

(5) The tail esrea is 25 persent of the wing area, -

Spead

Pigures 9(a) and 9(b) show the s»eed of ‘two famllies
of ram-jeot units with length-dlameter ratios of 10 and
15 at an altitude §T 60,000 feet, The speeds are plotted
with coordinates or welght per unit pewer-plant area W/A
and wing loading ‘W/S,, where W 1s the gross welght,

A 1s the power-plant and also the fuselage frontal eree,
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and- S, is the wing avea, The wing erea used does. not

1nc1ude ‘the area projscted ﬁhrqugh the fuselage, The
curves are for inlet and n¢zzle ersasz designed for the
_Bpeeds shown and the nozzle deslgns are uneoupremised
for other gpeeds Weight per unit power-plan§ eres 1is
a quantipy pamal ig; $o power lesding forp a gconventlonal
engine begause the thrupt and pgwer of a series of geo-
metrically similer ram-jet units are propartional te
frontal area. The fact that power is propertlioensl to
frontal area mekes the speed charts applicable rogsardless
of the size of the units. Np important scale effects
enter the problem as with the conventional sirplane
engine, for which power per unit frontal area of the
engine 1s much greater in the larger units,

If the angle of attsek of & wing in flight at super-
. sonic speed is too great, an excessive blocking of the
air stream occurs. The shock wave then is deteched from
the leading edge end forms a bow wave, and the drag
increases.. At a Wach number of 1.5 the highest obtain-~
eble 1ift coefficient for circular-arc sectlions with a
thickness ratlo of 5 percent is spproximately 0.4. The
performence curves for this Mach number are accordingly
terminatad at a wing loading corresponding to this 1lift
coeffleisnt. The limltinr velues are higher at higher
Mach numbers and are off the charts,

The use of the speed chart will be illustrated by
examples,

Exemple l,- For a flight Mech number of 2.0 what
is th® HW68T rEvorable wing loading and maximum total
woight that can be carried by a ram-jet alrplene with
a power-plant area of 1 square foot at an altitude of
60,000 feet? Solution: From figure 9(a) the most
favorable wing loading 1s 85 pounds per square foot and
the total weight may be 1100 pounds 1f the over-all
length is 10 diemeters. If the over-all length 1s
15 diemeters, figure 9(b) shows the same wing loadling
to be optimum and the .weight to be 895 pounds,

' Ex le. 2,~ Same as example 1 (wing leading of
85 1b7sq gff excapt that the power-plant area is
10 square feet., Solution: The maximum weight for
1/d = 10 1s 11,000 pounds and for /4 = 15 1is

8950 pounds.
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Example - What could the welght of the airplanes
of example wing loading of 85 1b/sq ft) be‘at .
{1) -35,000.feet? (2) at sex level? Solution: (1). From
figures 9(c)- and 9(d), 1990 and 163Q pounds could be
supnorted at 35,500 feet, about an 80-percent increase
in carryling capacity. (2) From figure 9(e), 1900 pounds
could be supported at sea level.

Exeample L.~ What could the welght of ths airplane
be at 45, eet if the wing loading were optimum- for
this altitude? "-Solution: Prom figures 9(c) and 9(d)’
at a £light Mach humber of 2.0 and a wing loading of
270 pounds .per squédre foot, the weight capaclties are
5550 and 28 o pounds. .

Range

Ranges obtainable by the airplanes for 1/d =
represented in figures 9(a) and G(c) are given in
fligures 10(a) and 10(b) for the same conditlons of
operdation; that is, for the same altitude, speeds, and
combinations of W/A and W/Sy. These ranges are based

on the assumption that the fuel welght is 50 percent of
the gross weight. The range, however, is proportional
to the percentage of fuel carried and the ranges for any
other amount of fuel carried may be obtalned by pro-
portion. .

-Example - Find the range of the ram-jet alrplane
of example wing loading of 85 1b/sq ft) if the fuel
load is 50 percent of the weight and 1/d = 10. Solution:g
From figure 10(a) the range at 60,000 feet is 1225 miles,

Exemple 6.- Find the range of the ram-jet airplane
of example I at 35,500 feet altitude. .Sbldtion: From
figure 10(b) the range is 690 miles.

Ele ; - What 1s the range at an altitude of
35,50 the optimum wing loading-is unged? .
Solution- . From - figure- 10(b), at a wing loading of

270 pounda per square foot the range-is. 1225 miles,‘a
value 1dentiqa1 with.that'obtainable at 60,000 faat.~

Example. B - Whnt 15 the ranga of a. sea-leveluﬂesign
similar to 555 airplane of. example 1 ir 50 peréent &P'the

i

- . .
. z - - .o

o L
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welght -1s fuel load? Solution: Figure.lO(c) shows that
the range at a wing loading of"85 pounds per square foot
has dropped- to 190 miles.  Extremely high wing loading
1s needed for a more favorable range.

Effect of Wing Sectlon on Speed

“"The total wing drag st supersonic speed 18 sub-
stantially the sum of the pressure drag due to, wing
sectlon, the pressure drag due to lift, and the skin-
frictlon drag. If the dresg due to wlng section 1s
reduced, the drag due to 1lift or weight can be lncreased -
a like amount for a given sneed. ¥or thin sections the
drag of a symmetricel wedge section is three-fourths
the drag of a double-circuler-erc section, and the
section drag 1s nroportional to the square of the section
thickness ratio. @igure 1l1(m) shows a gain in carrying
capaclity of 8 percent for a chenge from the circular-arc
to ths wedge section end e galn of 51 nercent for a
change to zero thickness ratlo. Figure 11(b) gives the
same nercentage increases In range 1f fuel load remelns
50 percent of the gross welght.

Effect of Size on Performence

It has already been nointed out thet speed and
range are functions of the parameters W/A and W/Sw;

however, the possible vsluea of W/A depend on the size
and proportions of the salrplane. The value of W 1is
dependent on the fuseldge length or length-dliameter
ratio and aslso on the fuselage area A. Consequently
the ratic of W to A 1s elso dependent on A. Because
of the relatively small wings of a supersonic airplane,
W depends on the wing ersa to a smaller extent than on
the fuselage size. The welight depends on, first, the
structural weights and, second, the avallable space for
cargo and the cargo density. 1In order to obtaln some
idea of the variation of W/A and W/S, with a,.

atructural weights were roughly estimsted snd a cargo

of a derisity equal to that of fuel, or 45 pounds per
cublc foot, wes essumed to occupy all avallable space

in both wing and fuselage. HNo allowance was. made for

metel-wall thicknesses 1n comoutling cargo space. The

manner of estimating structural weights and volumes is
déscrlbed in apvendlx B. The resulting wvalues of
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fuselage area, which should be considered merely come
parative because. of - the assumptions lnvolved, are shown
by the dashed lines of figure 12 for length-dlameter
ratios of 10 - apd 15. Values of W/A increase rapidly
with- 1ncreases, in A. . .
Ranges aréd computed for the 1dealized case in which
no allowance is made for the welght of controils or fixed .
equipment and the total cargo is fuel. Figure 12(a)
shows that the range 1lncreases markedly with an increase
in the slze parameter A. The alirplane with the larger
over-all length-diameter ratlo is smaller for the same
range. For example, the curve for a range of 400 miles
Intersects the curve for a frontal area of 5 square feet
on figure 12(a) and the curve for a frontal area of
2 square feet on figure 12(b). The limitation of cargo
space for fuel on & supersonlic alrplane 1s responsible
for the variation of range with size and length-diameter
ratio. i

Figure 13, which 1s plotted from the same compu-
tation as figure 12, shows how the range varles wilth
gross welght and wing loading. The values obtalned are
only comparative. Figure 13(a) shows that a very large
groas welght corresponds to the larger ranges for a
length-diameter ratio of 10, The minimum weilght 1s
160,000 pounds for the 1200-mile range. Figure 13(b)
shows that the same range l1s obtainable at a 0S8
welght of 63,000 pounds Af the length-diemeter ratio
1s 15. It 1s concluded that the gross welghts need not
be nearly so great to have good r ange for the larger
length-dlameter ratio.

CONCLUDING REMARKS

Calculations for the supersonic contimious-flow
ram-compression power plants demonstrate favorable thrust -
and economy characteristics. For example, with a
cylindrical entrance plpe in which the normal-shock loss
occurs, & fusl-alr ratio of 0.0%%, o fli-nt ilach mmber
of 2.0, '‘and standard sea-level alr dsnsity, the computed
thrust 1s 3000 pounds per square foot of cross-sectional
area and the specific fuel consumption is 0.65 pound per
thrust-horsepower-hour. Camputatlons show that 1t is
possible to operate a filxed deslgn over & range of
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supersonic speeds and that the thrust can be regulated
by changling the amount of fuel injected.

Calculations made on aimpls pilotless alrplanes between
flight Mach numbers of 1.5 and L.0 demonstrate favorable
performance possibillties. TFor example, for a body with
a conical nose, a cylindrical body and a wing and a tall
of circular-arc sectlions- end S5-percent thickness ratio,
level-flight speeds up to a ilach nuziber of lj end a renge
of 1200 miles were calculsted.

Langley lMemorial Aeronanticasl Laboratory
National Advisory Cormittee for ‘Aeronautlcs
Langley Fleld, Va.
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- APPENDIX A

SUBSONIC CONTIRUOUS-FLOW
RAM-COMPRESSION POWER PLANTS

The suibsonlic power plent differs from the super-
sonic power plant in the shape of the entrence region
and the exhaust nozzle. Air entering a subsonic ram-
compression power plant is partly -compressed externally.
The leading edge of the duect, or entrance lip, should
be rounded to prevent high sxternal dreg. Also,the
exhaust velocity is less than the .local speed of sound
in the exhaust gases at discharge. If the duct were
frictionless snd no heat were. added, the total oressure
(stagnation pressure) at exlt would equal the total
pressure at inlet. Under these circumstances, when the
pressure of the exhsaust -gases 1s reduced .to etmospheric.
pressure, the local Mach number of the exhsaust stream
is equal to the Mach number of the entering stream, or
| the flight Mach number. Poth friction and Lheat csuse a

reduction in tatal pressure. The local Msach number of

the- exheust gases when expanded to etmeospheric pressure
: must then be less than the flight IMMach number. The
] subsonic power plant therefore rsquires a simple con-
verging nozzle rather than the converging-diverging
nozzle of the supersonic vower plent, The same -
assumptions and methods of computing .performance are
used for subsonlic power plants as for supersonic. power
plants except that tha. incomirg alr does not psass
through a shock wave.

Figures Ui (a) and 1(b) show subsonio-power-plant
data similar to the supersomlc data of figure 3. Maxi-
mum thrust at e Mach number of O, 1is 96 pounds per
5 square foot -of frontal area. At a Mach number of 0.8
; the maximum thrust 1s L0 pounds per square foot, or the

T

- thrust varies about as the square of the speed. The
- thrust curve 1s very flat, so that v), may be -salected
from cansiderations other than thrust, such as low
combustion-chember veloclity, to simplify the burner-
installation problem. The fuel rate 1s proportional to
vh, so that the power plant is leest economical at high

values of vh.
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Nozzle-exlt area (expressed as a fractlon of the
combustion-ghamber area) is the only significant area
in the subsenic ram jet. (The nozzle has no throat.)
From the standpoint of control of the Internal flow, it
makes no important différence what part of the compres-
sion takes place externally and what vert, internsally.
The slze of the entrance 1la therefore not critical. At
a glven forward sveed the value of v is determined

meinly by the exit area. Figure 1li(a) shows that, at =
Mach number of 0.l and an exit erea of 0.80, v,

is 110 feet per second and thrust 1s at 1ts peak. At a
Mach number of 0.8 (fig. li(b)) the same exit again
places the thrust near its pesak. - From this observation
1t 1s apparent that a given exit erea gives nearly the
same power-economy compromise regardless of stresm Mach
number, In other words, a subsonic ram-jet power plant
wlll operate consistently.over a wide speed renge. To

a first degree of ennroximetion, the internal veloclties
are proportional to the strear {Hech number, &s 1s normal
for a duct system of fixed dimenslons.,

Figure 1lli(c) shows, for a fusl-air ratio of 2.033, the
maximum thrust and correspondlng speclific fuel consump-
tion et verious subsonic Mech numbers. The upper thrust
curve shows the thrust avallable wlith an open-nose cowl-
ing and the lower one shows for an extreme case the
penalty for running the alr through e duct at high speed

(;g = 0.3). The duct has a length giving an over-all
1 : ' )

1/d of 10. The specific fuel consumption for the sub-
sonic ram jet 1s extremely voor; the speciflic fusel con-
sumptlion has a value of about i pounds of fuel per
horsepower-hour at a Xach number of -0.8 and 1lncreeses
without 1imit as the speed decreases.
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APPENDIX B
CONDITIONS USED IN ANALYSIS

The conditions used in the analyslis are listed in
detall- below and thelr apnlicationa &re demonstrated in
apoendix Di .

(1) One-dimensional-flow theory is essumed to hold
with sufficlent accuracy.

(2) The frlction-»preasure drop in the entrance .pipe
(1f one is used) 1ls computed w1th a friction factor

£ = 0.003 1in the expression App = L ~1L2 q2 3 where

12 3/d2 is the entrencex=pipe length—diameter ratlo and
qa'3 1s the average dynamlc vpressure in the plpe. The
H

flow iz compressible and the momentum préssure drop is
computed. A frictlon factor f of 0.003 1s used for
all external surfaces iIn eddition to »pressure drags.

(%) The instentaneous values of the ratiec of specific
heats « "used for alr end for the rroducts of combustion
are given in figure 15(a). The corresponding everage
values between 0° P absolute esnd the temperature in
question ¥ are given in figure 15(b). The values of
the gas constant used for the products of combustion are
given 1n figure 15(c). These values are computed from

speclfic-heat equations and constants obtained from
reference 5. '

{l4) The expending (subsonic) diffuser used with
the plpe entrance is essumed to have a total-pressure
recavery egqual to 90 percent of the reduction in dynamilc
pressure through the diffuser. °

5) T™he fuel 18 added at the entrance of the com~-
bustlon chamber. The momentum required to bring the
fuel up to combustion-chamber velocity 1s charged as a
momentum pressure loss.

. (6) The frictlon pressure loss 1ln the combustion
chamber 1s taeken as 10 percent of the average of the
Inltiel .and final dynamic pressures Iin.the combusticn
chamber. The lewer heating value of the fuel 1is
19,000 British thermal units per pound. ~
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(7) The heat lost through the combustion-chamber
walls 1s treated as a reduction in combustion efficiency.
The values of combustlon efflclency assumed for various
fuel-air ratios are given in figure 16.

(8) The eéxhaust nozzle 1s assumed to have a veloclty
coefficlent of 0.97 when overating et design pressure
ratio or es an underexpanding nozzle. . No computations
were made for overexpandlng nozzles.

(9) Performance data for & supersonic diffuser
caneble of oneratlng at Mech nunbers at and above 1.673
were obtained from reference li. This diffuser is used
as the baesis of performence calculatlions of nawer plants
with deslgn Mech numbers u» to 2.0. This dirfuser has
a contraction retio (ratio of entrence to throat ares)
of 1.137. The 1included sngle bstween the walls of the
coentracting eone is 139, and theé lncluded angle between
the walls of the expanding cone 1s 3°. The test wvalues
of total-pressure-recovery ratlo under the ideal
operating condition In which the normal shock wave is
located very near the throat is glven in figure 17.

This operating condition 1s referred to hereln as =
"deslign® condition. Other positions of tne norral shock
wave result in a reduced pressure-rscovery ratilo.

(10) For ram-jet motors having an entrdance plpe and
operating et deslign spesd, it i1s assumed thet a normal
shock occurs 1In the entrance and extends completely
ecro3s the plpe. The usual equations for & nlane snock
dlsk are used to determine the veloclity, pressure, and
denslilty ratios ecross the wave. These rstios, shown in
figure 13, were ocbtasined from reference 7.

(11) The length of the constant-dismeter entrance
plpe 1s determined by subitrecting the length of the
nozzle, combustlion cherber, end subsonic diffuser from
the over-sall length. For this npurvose, the combustion-
chamber length is taken as 2 dismeters, and the nozzle
and diffuser are assumed to have cone angles giving them
en average slope of 1/10; -that 1s, the nozzle and dif-
fusser lengths are five tlimes the difference in their
reapective inlet end outlet dlameters,

(12) For computing speeq
(a) The wings ere assumed to heve double~

circular~arc sectlons of 5-percent thlckness ratlio in
the free~stream direction, excent as otherwise noted.
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(b) Ackeret'a-theory of pressure drag 18
epplled.

(c) The tall surfaces have an area equal to
25 percent of the wing area &nd have the same sectlons.

(d) The conlcal nose has' a half-engle of.
5.73°, or 0.1 resdian. The equation (from reference 2)
used to estimate the pressure drseg of the nose is thet
epnlying to the conicel nose of a very pointed bullet

Cn = a® 1oge

N
D -
a%J/ZQ/h)Z -1

where

' G, dreg coefficient besed on frontal area

g a half-angle of cone, radians
v/c flight liech number

The drag equatlon for e polnted cone was used 1n the
computations because no equation for the draeg of an
open-end conical nose was available st the time the
computations were mesde. Actual nose drags would be
higher than those cslculeted by the foregoing equation
because the flow st the alr entrance becomes two-
dimensionsal.

(13) For computing renges the fuel weight in most
Instances 1s taken as 50 percent of the gross weight.
In some Instences the proportion of fuel weight 1s estl-
mated by first estimating the structural weights and
volume avallable for fuel storage. For thls purpose
the wing 1s chosen with an espect ratio of h, a design
loed factor of L, a thickness ratio of 5 percent, and a
teper ratio of 2.5. The wing welghts obtalned are shown
in figure 19. The wing volumes for an aspect ratio of L
and taper ratio of .2.5 are shown in figure 20(a). The
volumes are thase generated by the wing sections; no
allowance has been made for metal thlckness. In calcu-
lating the aspect ratio, only the area and span extending
outside the fuselage are used. Figures 20(b) and 20(c)
_glve volumes of wings with aspect ratios of 2.0 and 1.0

"
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end iInfinite taper ratio (pointed tips). Tail weight’

is taken ss 15 percent of the wing weight, Fuselage
proportions used are appropriste for a design Mach number
of 2.0. The fuselsge 1s assumed to be built of dural-
umin, but the combustlon chamber end nozzle are of
steel. The fuselage-wall .thlckness l1s glven 1in figure 21
ps a function of the diameter. ’ .
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APPENDIX C .
LIST 6_1:' SYMBOLS '

coefficlient of x2 in quadratic equation
exZ + bx + ¢ = 0

projJected frontal area of poaer plant or fuselage;
sq ft

eres of eir-duct entrance, sq ft
projected frontal area of cone, sq ft (A - As)

coefficient of x in quadratic equation

speed of sound, fps; elso constant term in
quadratic equation

retlo of friction pressure loss in combustion
chamber to sverege dynamlec pressure

drag coefflclent

pressure drag coefficlent of nose

pressure drag coefficlent of wing

11ft coefficient . :
nozzle veloclity coefflelent

diameter of cylindrical fuselage, £t

diemeter of ailr-duct entrance, ft
friction factor

rem-jet thrust, 1lb -
acceleration of gravity (32.17 £t/sec?)
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H stegnation pressure, lb/sq ft
H.V. lower heating velue of fuel, Btu/lb

J mechanicel equivalent of heat (778 ft-1b/Btu)
[ over-all length, ft
1o 3 length of entrence pipe, ft
L L]
[ length of conical nose, ft
P static pressure, lb/aq ft
Apy friction pressure drop, 1b/sq ft
q - dynamic pressure, lb/sq ft (%Pvf)
q, impact pressure, 1lb/sq ft (H - p)
R range, miles

Rg Zas constent for alr (53.3 £t-1b/(°F)(1b))

R, gas constant for products of combustion,
£t-1b/(°F) (1b)

Sf aree of fuselage sﬁrface, sq I't

Sy wing area, sq ft

t temperature, °F

iy temperature, °F abs..

v eir or ges speed, fps

v sreed of ram-jet elrolene, fps

Wp welght of fuel, 1b

w gross welight of rem-jet airplene, 1D

Wg weight rate of air flow, lb/sec
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-

W - welght rate of fuel flow, lb/sec

a half-angle of conical nose

B half-angle between upper end lower wing surfaces
at leadlng or tralling edge

g ratio of specifie heat. at constant pressure to

- specifig heat st constant volume .

Y average velus of y between 0° F sba. and temper~-
-ature T

Mo combustion efficiency

ﬂa subsonfc-diffuser efficlency

p mess density, slugs/cu ft

Subscripts denotlng stetions along power-plant duct:

1l free stream

2 entrance

3 end of cylindricel entrance pine; entrance to
diffuser

]

end of diffuser; entrance to combustion chamber
end of combustion chamber; entrance to nozzle

nozzle throat

—— e ———

end of nozzle

~N o v
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APPENDIX D
METHODS OF COMPUTATION

The method of computing thrust, maximum temperature,
end nozzle throat and exlt area 1s descrilbed below and
an example 1s calculated in table I. The solutlion for
these quantities, 1n general, involves the computation
of the veloclity, pressure, density, and temperature at
each of the slgniflcant statlons. For example the
veloclty, pressure, density, and temperaturs are known
at station 1 in free alr and are computed in turn at
stations 2, 3, 4, 5, and 6 (shown 1n fig. 1). The first
cese consldered 1s a ram Jet with a nilpe entrance and a
plane shock Jjust Inside the entrance, the position of
the shock wave for minimum internel loss. Figure 18,
obtained from reference 7, shows Mach number nlotted
against v2/vl, the retio of velocity alfter the shock

to the veloclty before the shock. The velocity before
the shock is the speed of the ram~jet alrplsne or the
product of 1ts flight Mach number and the speed of sound

v1 = Mach number x ey

Also plotted ageilnst v2/'vl in figure 18 are the ratios

of preasure before and after the shock pa/'pl and of
density before end after the shock p,/p;. Therefore,

with initlel or atmospherlc conditions given, the state
of the alr after the shock wave in the tube 1ls determined
completely. The temperature is obtained by the gas law

P2
T2 = BaR, (1)

The flow through the stralght pipe may be solved
graphically or by means of the approximation that the
friction pressure drop is proportional to the product of
the friction factor, length-diemeter ratio of the pipe,
and the mean dynamic pressure

1 Q5 + q
dpp = b £ed 23 (2)
2 2
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where - - .- - e

The 'subscript 2 refers to a-point near the entrarce
behind the shock wave end 3% .refers to the exlt. The
laws of energy, momentum, and mass then yleld a solution
for v5

by - /057 - oy

vz = 57— T 3)
where _
b3 = 2?34v: . [1p2 + G.- ré) VE] (32)
?3 (1 + af%) +1[P2%2

\

"'-1 2~( I
¢5 = — 21 P2, v,2) (3b)
73 (1 + Zf—) +1\f2 "~ - P2
end ¥ 1s the average ratio of sveciflic heats for air

bstween an arbltrary temperature datum and the temper~
ature at the station denoted by the subscript

(fig. 15(b)). When 4ez is equal to b52, the veloclty
at station 3 equals the speed of sound, or choking

2 signifles

occurs. A value of lc, larger then by

that en impossible flow condition hes been sassumed. A
shorter entrance plpe 1is one remedy for this sltuatlon.
The density at stetion 3 mey be obtalned from the con-
tinuity relatlon

p2V2 . - :
= (
P3 V3, ¥

The pressure et stetion 3 may be obtained from the
equation of momentum . :

p3 = p2 - pzva(v3 - VZ) = Apf - (5)
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The temperature la obtained by the general gas law

P3

T3 = pnga (6)

where Ry 1s the gas constant for air.

Next the flow through the dlffuser must be deter-
mined. If the subscripts 3 and li denote the entrance
and exlt of the diffuser, respec¢tively, the equation
expressing the total-pressure recovery as a percentage
of the reduction in dynasmic pressure 1s

(7

where 1g 1s taken @s.0.90 in the calculations. The

staegnation pressure at station % is gilven b¥ the
expression

Y3

T Y--« 1 "'2 vz = 1
- ' ( 2 :

and
943 = Hz - P3

Ir Hh and q, are written in the incompresslble form

_ because of the low velocity at statlion lj, the pressure
at this station becomes

Py =F5 -mg —5 - (1 -ma) (¥ -p5) (9)

The combustion-chamber area 1s always taken as unity.
The continuity re;ation glves

oy = gzéEEZ : | (10)
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The equatlon of conservation of ensergy is -
Y, #. p
My Pu, e 3 P32
: ty© = + v (11)

If the expresslions for p and p ffom equations (9)

end (10) are substituted in equation (11), the value
of - ), 1s glven by the quadratic formula )

_ oy - Vnt - b

v (12)
28,
where
",
g = Tg = -1 (12a)
i , - 1
b = - ), Hs - (- ng) (s - 7)) (12b)
L™ 5 -1 PzVzh
L 333
2w .
o) = :frz——'zi + v, 2 _ .(12¢c)

The velcclty, density, pressure, and temperature at
station l} are determined by equations (12), (10), (9),
and the generel ges law

= b
Th Ptha . (13)

Next the flow through the unlt-ares combustion
chamber must be considered. Let wa be alr flow and

Wf be fuel flow, both in pounds ver second. The
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equation of continulity is . -

- We
P575. 7 PV, + o

or

p5 = p)_'_ v‘j Wg . e (]-)-I-)
The momentum equation 1s-
Wr c ’ o 2 =

C
where 5 (qll- + q5) is the friction pressure loas.
Solving for Pg glves

= -' + ph_vh_ < - pj-l-vj-l-v5 6_+_ ﬁ\l%:;—-vi{ (15)

The value of C that has been used is O. 1. The equation
of conservation of energy 1s

(Y Dﬁps 2 | (R we) - Km) ](na“vf)w(uv)%wf

where-

J mechanical equivalent of heat (778 ft-1b/Btu)

H.V. assumed lower heating value of the fuel
(19,000 Btu/1b)

Ne combustion efficlency (fig. 16)

Y average Jfor products of eombustion.

Substituting pg and Py from equations (1) and (15)
into the energy equation gives the solutlon for the
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" velooity at exit from the combiistion clismber as a ‘quad-
ratic equation with ag = l. .

2

. b - b = Lo
Vg = ot B D (16)
. . . 2 --
where
= . _ -
b5 = ;Y5 — Wa Bl + v (1 - 9.) (164a)
7,'5(1+92.)+1w&+wf_"’h"h _b' o4

— o ok
- M - 10 H'V-
cg = v5- 1 E%ﬁ -l'kp +vh_2 + > ; = V(l\ Al (161b)
;% 1"+%D'Fltﬂkfl'ph (-a .#u/wf i :

end ¥y 1is average for products of combustion
(fig. 15(b)).

A graphical solutionfor v is given in figure 22
for the values of the-combustign orrameters used in this
report. The gas lsw 13 sagain employed for the temper-
ature - .

= o2
Ts PR, - (1?)

The equation used to obhtair the critical pressure
et the throsat ia '
2! Y - 1

- 2 x -1 _Ps'
P6 p5_ y +1 +_T(Y +1) Pg (18)

For simplicity, 4 in.equations {18) and (19) may be
taken for the tempersature at the end of combustion,
(flg. 15(a)):. The other velues at the throat are
obtained by the following equationss '
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. Y =1 1 h
Tg = 6y v . '
6 = Tg 5;
T5[+1+Y(‘Y+l) Pg 9
.. - 2 o
AU U Pg e e .(.20)
: ¥ S - 7R

- ..where. 6 s 1nstnntaneous for products of  comwbustion

(figé 15(a)) The contlnuity relation between stations 5
and is .

&  pcVs | o
'A'5'=3273 . . :..(22)

The conditiems at stetion 7, the mozzla exit, are
obtained in a similler maenner., Tke temwerature at :
station 7 1s first guessed and the 1nstantaneous value
of 4 for the average temperature is used. 'The fol-
lowing equations. are used:

- Y5 1'1 . . ..
- o (1 5,7 L
T, = Tol5 ’ cT . (23)
T | T ’ . _
v, = (FsTs P vgi (2

R e i} P

is :a velbcify coefficient allowing for fric-

where Cy
= 0,97 was used for

tion in the nozzle, The value Cy
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under-expanding sasnd- deslgn-pressure~ratlo nozzles. The
density at-station 7 1s

o 'p7 ) . .
P7—E-ﬁ:,ITT- Lo (25)

and the area 1s glven by

g

The expression for thrust consists of three terms; the
first gives the thrust from the acceleration of the alr
mass, the second gives tlie"thrust from the acceleration
of the fuel mass, and the third becomes effectlive 1f the
exhaust pressure 1s sbove atmospheric. The thrust per
square foot of frontal aree is

:L;-Puu(""’l) A ARCRES

Supersonlc Diffﬁser

A convergling-diverging supersonilc diffuser may be
used in place of the inlet plpe and subsonic diffuser.
Avallable data are 1in the form of a totsl-pressure-
recovery ratio for the cese in which the dynemic pressure
after diffusion is negligible so that the totel pressure
is equal tc the static pressure. In the present case
the dynamic pressure after diffusion (station L) is
small but not negligible. The total pressure Hh 1s

glven with sufficlent accuracy by

A

fas
=

I

ke
= .

+
(Y [

or

Hi
i 1 2
H1<Hl Py 3P,
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H
The test values of Eh"'available-(fig. 17) should hold
with good accuracy in

is not large. Substltutling

' . 1 2
this equation as long as Ephvh,

P
b ’ (28)

pu = gRaTh

and solving for ph glves

ph = . (29)

The temperature is obtalned from the energy relation

— 2 —
vin -t onTh -l
8 y,;R, 2¢ ?LRa

Th = Tl + (%0)
By continuity the supersonic entrance arsa A, 1s gilven
by

2 A
B, " Pyv (31)

The vsloclty vh 1s chosen or a series of values are

Investigated. The equatlions ere epplied inthis order:
(30), (29), (28), (31). Equations (23) to (31) can
easlly be transformed to yleld vh when A, is gilven.

B
The value of FE 1s given for the shock wave Just

1 .
behind the section of smallest diameter (throst), This
shock~wave position gives the highest diffuser efficiency
possible. The effliclency obtainable depends on the con-
traction ratlio, which 1s the entrance arsa divided by
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the diffuser-throat area. Filgure 17 (from fig. 8 of

reference li) gives values of T for a contraction

ratio of 1.1%7. There is a lower limit to the Mach
number, at which the flow can be started with a glven
contraction ratio, The curve 1s ended at the limiting
Mach number.

Speed

The wlng drag 1s calculated for double~circular-arc
! alrfoils by Ackerett!s theory. Using p - to represent
the half-angle between the upper snd lower surfaces at
the leading or tralling edge gives as the formula for
the pressure-drag coefficlent of the wing )

——— A

- & 2 M(V/e)2 - 1
c === <+ C 2
and
W
¢ =
L 2
s

An aporoximate formulas used for pressure-drapg coefficient
of the conlcal nose based on wing area is

A
f
Cp, = 0% g log, ————it (33)
a L(V/c) - é]

where

a half-angle of cone
} Sw wing area
} Af projected frontal area of cone (A - Aa)'
.
y A frontal area of cylinder

[

2 entrance area
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An expressien for the surfdace ares of the cylindrical
body and conlical nose 1s

8, = ﬁd(l - ln)+-wi—t—gg In
where .
l over-all length
ln length of nose
d dlemeter of cylinder
d2 entrance dlameter
Putting

= 5(da - da)

glves

Sp = A [L% - 10 (1 -/ié)é

The friction-drag coefficlent is taken as 0.0060 for the :
wing, and the fuselage-surface frilction-drag coefficlent

S
based on wing area 1s 0.003052. Tall-surface shepe and
w

friction drag are considersd to be 25 percsent of those

for the wing, so that the corresnmonding terms for the

wing are multiplied by 1.25 to allow for tall drag.
Equating thrust to drag for a unit with A as frontal area
in square feet and utilizing the foregolng expressions

for dreg coeffliclent gives
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2
A§t'= Bs v 1.25 L _.__8 .+ {1.25) £0.0060)
R e

b

- 1 : _.

o) T E TR e
8p : |

+ o.ooagé , . _ _ (34)

*

The required ratio A/3_ may now be calculated for a
glven flight Mach number V/c and wing loeding W/S..

Range

The baslc equatlon for range 1s the expression for
miles per pound of fuel

dR _ Mlles per hour
dw  Pounds of alr per hour x Puel-alir ratio (35)

In supersonic flight the inlet veloclty equals flight
speed vy and the inlet denslity 1is atmospheric

density pl. With an entrance area A, the weight
rate of alr flow 1ln pounds »Her hour 1a

55003p1v1A2

Substituting this expresslon in equation (35) gives

60
ar _ V188

hat aw ~ 3600891V1A2
wa/wf.
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and the flight speed cancels, pd that. ..

/w\
o 5+887 1076 ﬁ§
ﬁ—
P14

If fuéi—air fatio end altitude ere constant and Wo is
used to represent the weight of fusl, the range 1n miles

is
-6 _“’_a_\w
P15

R (36)
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TABLE I.- ILUOSTRATIVE EXANPLE

Given: Mach number = 2.5 py = 0.0007212 slug/eu ft
Altitude = 35,500 ft p, = 485.9 1b/sq £t
Combustion-chamber arez = 1 aq ft 1
Entrance area = 0.35687 sq ft vy = 2425.43 fps
Length- dinmotar retio of eatrence T, = 392.6 °F abs.
pipe = 8.675 . Piel-ilr . ratio = 0,033
From fig. 18, ? =0.300 v, =727.6 tps
[ 1 Py = 0.002404 slug/cu ft
p_l = 3.333 P, = 3462 1b/aq It
P
2_
7o =712
Quantity Equation Equation Subatitution Solution
number
P2 3ub2 859.9 °F abs.
T2 TN o (0-00340k) (32:171 (53-3) 599 °F b
__#  [Pa ( . _) . (2)(1.398) 3162 + [1 - (0.003)(8.6751] (727.6) -30b1.6
®3 73(1 NN * - fq)e (3e) 1.598[3 + (2)(0.00%)(8.675)] + 1 |(0.00240k)(727.6) k 3)(8.675)]
¥z -1 X, » -
. T3 - - Ya_ P2, "22 (3b) 1,398 - 1 2(1.398) sué2_ 7. 6)2} 1,711,600
3 §3]1 + afs\’ +1\73-1°% 1.398[1 + 2(0.003)(8.675)] + 1 |1.398 - 1 0.00240L
B
b, = \/Bb:" « b -(- - - 5)° -
v 3 22 °3 (3) (-3041y6) \/( 3ou;-o) b(1,71h,600) 7474 ps
Pa¥a {0.00240) (727.6 ' . L _
e5 v thy LT 0.402340 slug/cu £t
3 2 2 ]
spy 2r—§11 (ap + a3) 12) 2(0.005)(8.675) |f°'°°21‘°lz"(7z7'6’ + (°'°°25“g)‘71*7'1‘LJ 67.2 1b/3q Tt
p5 P, - pzvz(v3 - v2) - 8p, (5) 362 .- (0.002404) (727.6) (TL7.L - 727.6) ~ 67.2 3360 1b/aq £t
L ) 3360 857:4 °F aba.
" P38R, (0.002240){32.17)(53.3) )
1.392
3 - 2 " 3T392 - 1 }
s !: .( >< >] (S? 3560[1 * <1.592 = 1)(; lLr}h ] 4057 1b/ag £t
1
(12a) [—Le298 -2.264
m nCu-> 1”8'>
. Z, Hy = (1 -ng)(85 - P3) (120) 2(1,398) 4057 - (1 - 0.9)(4057 = 3360) lgly, 876 .
b v -1 ) (1,398 - 1)  (0.002340) (7h7.k)(0.3569) i
x, p '
o, ;7—_}—1 ;% +vy (120) %%?%)—1 (ﬁ%} (7102 10,643,000
2
by, - Yoy - beyoy 12) -(-4l876) - VA-1L876)2 - b(2.26L)(10,0l3,000) 259.9 o
v, 20 ; 2(2.16L) :
PxAz¥ : .
0, % (10) ‘°'°°251*°);‘;;5;69”71‘7'“’ 0.002602 slug/cu £t
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TABLE I.- ILLUSTRATI?E EXAMPLE - Concluded

<uantity Bauation Equation Substitutlon Solution
2 ; 2
m, By < mg K - (1 ma) (5 - py) 9 Losy - 2:2(0-002602)(239.9)% _ (1 . 0.9) (057 ~ 3360) 3920 1v/8q £t
Pl 2 o
T PLER, (23) 10.002602 (32.171(53.3) 678.6 °F uba.
23, .
v hJ Pl ¢ 2(1.351) 50 [ 3920 0.1
o A |, ( - —)1 (16a) | +e39.9(1 - == 7042
3 75<1 N %), ) W+ e |:"h'h b L/ 1.”1(1 . gz_1> L1 30+ lL(o.ooaéoz 1239.9 . L
¥~ 1 23 5 x 10M(H.V.)m
L Bl {_‘L Ph,oL2 e 1351 -1 fa1.383) _ 3920 2. (50.000)(19,000}(0.91)
e = + — 16b + (239, , 634,500
s ;5<1 . §>+ 1% -1 M (Wa * Wp)/Wr {160) 1.351(1 R O—él-)* 1|_1-5B5 T3 Toooz60z ¢ (B8 TG hA 5,63k, 5
L
{ 2
-pg - Y= - ke e _Vioqou2,2 - %0
v 25 5 (16) (-o42) - Vi1 hz: 4(5,634,500) 920.5 tps
v ‘l-l + “f 239 . Q + 1
Y5 Py Tl; W, (1) (0.002602) 5%% %—) 0.0007007 alug/cu ft
\W, + &
o B, * ”h"l.2< - E) - gt s Bt (15) 532%(0.002602)(259.9)26. %) (0.002602)(259.9)(920.5)<1+O-I:—lleas 1) 5457 1b/ay £t
o5 Y 3457 N
" P5eRe on {0.0007007 (32371153 .73) 285 °F abs.
= 1.30
e _1.305
2 y-1 k5vg 2 1,305 - 1 (0.0007007 } {520..5)2]*+305-1
B
i 5[7 4+ 1 * (v +1) Pg ] (28 5!‘57[1.;05 1 {1.305)(1.305 + 1) 3457 2051 1lb/aq ft
2 y -1 #pgvg? - >
T T Y1 5% 2 1.305 - 1 (0.0007007 ) (920.5 )
¢ 5[7 *1 yly+1) pg J (9 dasbhl-iﬂﬁ 17 03050305 7 D) 3L57 2526 °l-‘. ubs.
6 2051
[ {20} —
¢ &R<T6 132.17)(55.731(2526) 0.000L657 slug/eu Lt
\73 TEBRCT4 {21) V(1~317)(52-17.)(53-75)(2525) 2398 fps
Ps¥s {0.0007607)(929.5)
/s Pevs (22) (000056971 (2398) 0.5726
(23) 1.324-1
1.
T 285.!;(‘*—5—28 - ) ? 1766 °F ubs.
3Ls7
1.351)(28 .
v (2 0-97(/2(54.17)(5).75)[‘ l?gsi‘_ Sh) Uﬂg;(yfﬂ], (920.5)2 3906 s
_p-[—' L 0.0001592 r
“ &ReTy {25 (32171153731 (1768) 0001592 alug/eu £
Pcv,
) 55 {0.0007007)(920.5)
aq/hs pac (26) 7{0.0001592) (3908 ) 1037
F/A pvp{vy - 1) + ilflv +(py - P )"—7 27 £0.002602)(239.9) (3906 - 2425) + 10.002602)1259.9)(3906) ., 4 1006 1o/sq ft
L LYLYYT T 7 P7 1 a, . . 3071 8q
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Figure l.- Schematic drawing of supersonic ram-jet units.
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{h) Pressure and temperature of air entering combustion
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Thickness ratio, 0.05.
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Figure 20.- Volume of double-circular-arc wings.
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Figure 20.~ Concluded.
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Figure 21.- Values of fuselage-wall thickness.



Combustion-chamber exit velocity, vs, fps

Fig. 22 ' NACA ACR No. L6D17
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Figure 22.~ Soclutior for combustion-chamber exit-velocity.
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